The pacemaker activity of the S-A node cell was explained by reconstructing the pacemaker potential using a Hodgkin-Huxley type mathematical model which was based on the reported voltage clamp data.In this model four dynamic currents,the sodium current,ZNa,the slow inward current,is,the potassium current,iK,and the hyperpolarization-activated current,ih,in addition to a time-independent leak current, the current voltage relationship,and the voltage clamp experiment in normal Tyrode solution of the rabbit S-A node.Furthermore,the changes of activity induced by the potassium current blocker Ba2+, by applying constant current,acetylcholine,and epinephrine were also reconstructed. It was strongly suggested that the pacemaker depolarization in the S-A node cell is mainly due to a gradual increase of is during diastole,and that the contribution of ig is much less compared to the potassium current iK2 in the Purkinje fiber pacemaker depolarization.The rising phase of the action potential was due to is and the plateau phase is determined by both the inactivation of is and activation of ik.
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Automatic excitation is one of the characteristic features of the myocardium. This property is solely attributable to the pacemaker activity of the sino-atrial node(S-A node)cells in the intact heart,although other myocardia can also initiate a spontaneous action potential under various experimental,as well as pathological conditions.
Spontaneously beating cells are characterized by having a slow diastolic depolarization (DRAPER and WEIDMANN,1951; TRAUTWEIN and ZINK,1952; WEST,1955) .Ionic mechanisms underlying pacemaker depolarization have been extensively studied by voltage clamp experiments,and the result has always shown a gradual decay of K conductance on repolarization after a depolarizing clamp pulse.Pacemaker depolarization generated mainly by a spontaneous decrease of K conductance is confirmed in the mathematical model of cardiac excitation (MCALLISTER et al.,1975; BEELER and REUTER,1977) .
When the K current was reconstructed during the diastole in the S-A node, however,it was found that the change of K current during the pacemaker potential is much smaller compared to ik2 in the Purkinje fiber.In agreement with this fact the pacemaker depolarization was generated even by applying a constant outward current to the S-A node cells whose time-dependent K current was blocked by Ba ion (YANAGIHARA and IRISAWA,1980) .Furthermore,the chronotropic action of epinephrine could be explained only by assuming a contribution of the slow inward current to the diastolic depolarization . The inward current system generating the rising phase of the action potential is the slow inward current in the S-A node,while in the Purkinje fiber and in the ventricular fiber it is the sodium current (WEIDMANN,1955) .These findings indicate that the mechanisms of pacemaker activity of the S-A node cell appear quite different from those in the Purkinje fiber and ventricular fiber.Therefore, in order to clarify the ionic mechanism of the pacemaker activity of the S-A node cell it is necessary to construct a model based on information of the S-A node, which is now sufficiently available from voltage clamp experiments on the mammalian S-A node(for review, IRISAWA,1978) and from the frog sinus venosus (BROWN et al.,1977) .In the present study,a model simulating the electrical responses of the S-A node cell to various experimental conditions was reconstructed using the Hodgkin-Huxley type formulation of the membrane current.
METHOD!
The general form of equations describing the time-and voltage-dependent current component is (HODGKIN and HUXLEY,1952; NOBLE and TSIEN,1968) where E is the membrane potential and im is the total current passing through the unit membrane.The current components are described by the following equations,where the rate constants are given in msec-1 and the membrane potential in mV. Vol.30,No.6,1980 The differential equations (2)and (3)were solved by the Runge-Kutta fourthorder approximation using a digital computer (Nicolet, .For the integration,the time interval of 1 msec was used for every current component except for iNa.Owing to the fast kinetics of iNa compared to the time-course of the action potential,the steady-state value of m and h at each membrane potential were used for calculation.
The action potential was represented by 1,024 points in the data memory and was stored on the disk for later evaluation of the action potential parameters. The calculation of both the membrane potential and the kinetic variables was started from initial values equal to the steady-state values at-60mV.This is equivalent to the experimental condition in which the membrane potential is released from the clamp after the potential was held at-60mV until the steadystate was reached. The solution of differential equations(2)and(3)gave a constant rhythm after about 2sec.In the present study,the value at 2sec was used as the initial value in every reconstruction of the membrane action potential.
The membrane current during the clamp pulse and the current-voltage relation were also calculated.Comparison of the computed curves with the experiments were very helpful in the procedure determining the empirical equations which describe the voltage dependency of the rate constants.The calculation was based on Eq.(2),and in this case the current components follow a single exponential time-course.When the model showed slight discrepancies from the experiment,the original data were re-evaluated in order to gain a better fit.The relative magnitude of each component was determined mainly from the average pattern of the current-voltage curve in the experiment.
Description of each current component. The slow inward current,is:It is well established that the spontaneous activity of the S-A node cell is insensitive to TTX,while it is suppressed by an application of D 600,verapamil or manganese ion (BROOKS and Lu,1972) .In agreement with these facts,in the voltage clamp experiment a rather slow inward current was recorded on depolarization from-40mV (NOMA and IRISAWA, 1976a; NOMA et al.,1977 NOMA et al., ,1980 BROWN et al.,1979) .This current reaches its peak amplitude at-10-0mV
and decreases with further depolarization and reverses its polarity at+30-40mV.
The time-course of activation and inactivation was well fitted by a single exponential .Therefore,we adopted the formulation of BEELER and REUTER(1977)for this current, where d is the activation variable and f is the inactivation variable.The rate constants for these variables were given by Eqs. (5), (6), (7),and(8).These equations give the voltage relations of both the steady-state degree and the time constant for activation and inactivation of is in Fig.1 .During reconstruction of the voltage clamp record and the action potential,it was strongly suggested that some fraction of the is channel remains open in spite of the inactivation process during depolarization or removal of activation during hyperpolarization. This view has already been suggested in the ventricular muscle (REUTER,1968 ). In our model,when 5% of the total number of channels remained open independent of the membrane potential(Eq.4),the model showed a similar activity to the experiment.With this modification,1)rather large inward current tail on repolarization even after the current change reached the steady-state during depolarization,2)the concave(upwards)diastolic depolarization,and 3)the spontaneous action potential discharge in the absence of the time-dependent outward current(see Fig.6 )were well simulated.
time-course of iK to the beginning of the depolarizing clamp pulse or by subtracting the current recorded after suppressing is with D 600 from the control record. Figure  2 shows such an example.In a large number of records such a method gave a reversal potential of about+30-40mV .Calculation of is using kinetic variables d and f,determined by Eqs. (5)- (8),resulted in a non-linear relation between is and the membrane potential,Eq. (9) (Fig.2 ).
The sodium current,iNa:When the membrane was hyperpolarized by carbamylcholine,the increased rate of rise of the action potential was partially depressed by an additional application of TTX (KREITNER,1975) .In the follower type S-A node cell the fast upstroke of the action potential was also depressed by TTX (LIPSIUS and VASSALLE,1978) .In the voltage clamp experiment,iNa was recorded when the holding potential was negative to-55mV (NOMA et al.,1977) . As the voltage clamp failed to follow the fast time-course of iNa,there was almost no experimental quantitative data available in the S-A node.Therefore,essentially the same description of iNa as in other myocardia has been used in Eqs. (10)-(15).The reversal potential of iNa was assumed as+30mV.
The hyperpolarization-activated current,ih:The apparent anomalous recti1976b; SEYAMA,1979; YANAGIHARA and IRISAWA,1980) and in the frog sinus venosus (BROWN et al.,1977) is mainly due to ih.ih shows time and voltage dependency and was described by Eqs. (16)- (19).The multi-ionic nature of this current was shown in the voltage clamp experiment where replacement of Clwith impermeable anions,acetate,propionate (SEYAMA,1979) ,or substitution of Na+with Tris (NoMA et al.,1977 )largely reduced the current amplitude.In accord with this fact the reversal potential of-25mV was obtained (YANAGI-HARA and IRISAWA,1980) . The potassium current,iK:iK is the most extensively analysed compared to the other currents in the S-A node (IRISAWA,1972; NOMA and IRISAWA,1976b; DIFRANCESCO et al.,1979; YANAGIHARA and IRISAWA,1980) .The kinetics of iK are similar to iXl in the frog sinus venosus (BROWN et al.,1977) and in the ventricular muscle (BEELER and REUTER,1970; MCDONALD and TRAUTWEIN,1978) .In these tissues a potassium current comparable to iK2 in the Purkinje fiber (DECK et al.,1964; NOBLE and TSIEN,1968) has not been observed.i K in the S-A node is formulated by Eqs. (20)-(23).
When the outward current is examined using rather large clamp steps,a secondary component much slower than iK(with a time constant of a few sec) was usually observed in both the S-A node and the frog sinus (BROWN et al.,1977) .This component was neglected in the present model,because this secondary component is not significantly large as far as the clamp pulse is of comparable size to the action potential.Discrepancy due to lack of the slow component in the simulation of the voltage clamp record will be discussed later in the present study.
The leak current,i1:It was impossible to measure the magnitude of the time-independent leak current directly from the current trace in the voltage clamp experiment,because the current jump at the onset of the clamp pulse is also due to time-dependent components.Therefore,we have estimated the approximate amplitude of the leak current from the difference between the computed total amplitude of the above 4 time-dependent components and the experimental current-voltage relation in the steady-state.Equation (24) et al.(1977) .
RESULTS

Membrane current during the voltage clamp pulse
In Fig.3 the computed currents induced by clamp pulses were compared with the corresponding record in the experiment by NOMA and IRISAWA(1976a)(see for general pattern of is also NOMA et al., 1977 NOMA et al., , 1980 NOMA and TRAUTWEIN, 1978) .The calculated current was scaled so as to give an amplitude equal to is at 0mV in the experiment.Generally,the time-course and amplitude of the current are similar to the experimental ones.An obvious discrepancy is mainly caused by the capacitive current in the experiment which is not included in the model calculation.The activation time-course of is on depolarization to-30mV and 0mV are little affected by the capacitive current,but at+20mV the trace within 5-10 msec is largely due to the capacitive current and the peak amplitude is smaller than that in the computed trace.Thus,in the experiment measuring the Vol.30,No.6,1980 activation of is the interference by the capacitive current must be avoided by subtraction of two currents recorded with identical pulses before and during suppression of is with its blocker .At positive potential iK is significantly activated and an outward current tail is evident on repolarization. During hyperpolarization,the activation of ih is not significant because of the short duration of the pulse and on clamping back to the holding potential,the activation of is was not clearly recorded in the experiment.
The current voltage relationship
The validity of the present model was also tested by reconstructing the currentvoltage relationship.In Fig.4 the current voltage curves(I-V curve)at 0,5,and 1,000 msec were calculated.The I-V curve at 0msec(middle trace at around of is at the holding potential of-40mV.At 5 msec activation of is is obvious positive to-40mV(bottom curve).At 1 sec two delayed currents,iK on depolarization(top curve)and ih on hyperpolarization(bottom curve at around state conductance of is causes two effects on the I-V curve:1)The small hump at around-30 mV in the I-V curve at 1 sec is caused by the overlapping of the steady-state activation curve and inactivation curve (Fig.1) .2)On hyperpolarization the steady-state conductance of is at the holding potential rapidly deactivated and the I-V curve shifted upwards from 0 to 5 msec.
In the spontaneously beating S-A node cell,the resting potential can be defined by the potential where the steady-state I-V curve intersects the voltage Fig.4 . Reconstruction of the current-voltage relationship at 0 msec(thick line),5msec(thin line) and 1 sec(broken line)after the onset of the clamp pulse from the holding potential of-40mV.
axis.In the present model the resting potential was-31.7mV.This value is slightly positive compared to the experimentally obtained values which were around-37 mV(NoMA and IRISAWA,1975b).
Spontaneous action potential
The model showed a spontaneous action potential as shown in the top curve of Fig.5A .Changes in current components(iK,is,ih,iNa,il)and the total current(I)underlying the action potential are shown.The maximum diastolic potential was -62.4mV,overshoot +20.7mV,duration 80msec at -20 mV and the maximum rate of rise was 3.8 V/sec with a frequency of discharge of 171/min.A large fraction of the membrane current is provided by iK,is,and 4. The amplitudes of ih and iNa are much smaller compared to these three major current components.The rising phase of the action potential is due to the transient flow of is and repolarization is caused by the combination of decay in is and increase in iK.
The model indicated a rather large contribution of is to the pacemaker depolarization in the S-A node than in the Purkinje fiber.During the pacemaker potential iK decreased only slightly,but is significantly increased.For iK the kinetic variable p is continuously decreasing (Fig.5B ),but this change is almost neutralized by the opposite change in iK,On the other hand,the recovery of f from nearly zero at the end of the action potential to 0.8-0.9 during the diastolic period caused a gradual increase in is (Fig.5B) .During diastole the outward leak current gradually increased,resulting in a nearly constant inward net current during diastole.Thus,the slope of the diastolic depolarization is almost constant.
Pacemaker depolarization dependent on is was strongly suggested by the ex- Vol.30,No.6,1980 periments examining the effects of Ba2+ on the membrane current of the S-A node cell.In the presence of 5mm Ba2+,iK was nearly completely depressed and the membrane depolarized to about-10mV.Under this condition,the application of a constant hyperpolarizing current resumed the pacemaker activity (YANAGI-HARA and IRISAWA,1980) .The analogous condition was simulated by substituting iK with various magnitudes of constant out-going current.In the absence of iK the model depolarized to-9mV.As the added current was increased from 0.25 to 0.5,uA/cm2,the oscillatory current grew to full size action potential and further hyperpolarization completely abolished the spontaneous activity (Fig.6) .Under this condition the pacemaker depolarization is simply caused by A:Ionic mechanism for the spontaneous action potential discharge.V,the membrane potential;ig,the potassium current;is,the slow inward current;ih,the hyperpolarization-activated current;iNa,sodium current;il,the leak current;I,total current. Note the smaller decrease in ig during diastole compared to is and il.B:Changes in the kinetic variables for is,ig,and ih during the spontaneous action potential. a time-dependent increase in is. factor of 1.1,the spontaneous frequency of the model decreased from 171 to 165/min.When is increased by a factor of 1.3,spontaneous frequency increased from 171 to 199/min,while when ih increased 1.2 times,heart rate only increased to 174/min.Therefore,the chronotropic effect of epinephrine is largely dependent on an increase in is. Figure 7 -1 simulates the effect of epinephrine,the maximum rate of rise of the action potential increased from 3.8 to 5.2V/sec,the overshoot increased by 3.0mV,while the maximum diastolic potential and the duration remained constant.Thus,the model well simulated the epinephrine effect on the activity of the S-A node cell.
Recently,the kinetic property of the ACh-induced K current(iAch)was examined in the rabbit S-A node cell (NOMA and TRAUTWEIN,1978; NOMA et al., 1979a,b; OSTERRIEDER et al.,1980) .According to these studies,the opening where A is the concentration of ACh.The amplitude of iAch under full activation is, Using these equations the ACh-induced current was incorporated in the present model.In the computation in Fig.7-2 ,it was assumed that 3 concentrations of The present study using the Hodgkin-Huxley type model elucidated the major role of is in generating both the action potential and the pacemaker depolarization.This model well simulated the electrical responses of the S-A node cell to various experimental conditions.
In the present study,the typical pattern of the S-A node action potential was modelled.The action potentials in different parts of the S-A node region always showed quantitative differences in the maximum rate of depolarization,amplitude and the maximum diastolic potential (SANO and YAMAGISHI,1965; SEYAMA,1976) . One reason for these variations is the conduction of the action potential.Primary pacemaker cell shows a low take-off potential and thus the rate of rise may be slowed down and the follower cells have a rather high rate of rise.However, even in a small preparation,where no conduction occurs, we frequently observed certain differences in the maximum rate of rise and the amplitude of the action potential.It is unlikely that different cells have different current systems,but we assume that a slight difference occurs in the relative amplitude of the current systems and in the voltage relation of the kinetic parameters.Thus,a larger action potential in some cells especially those located close to the crista terminalis may be simulated by increasing is and ig.
Subthreshold oscillation in the S-A node cell may be characterized by its sinusoidal shape with a similar frequency to the spontaneous action potential (WEST,1964) .Such oscillation was observed in a low Na solution or a low K solution or on releasing the membrane potential from th "resting potential level" by switching off the voltage clamp.When is was decreased in the model to simulate a low Na condition, the frequency of oscillation was reduced and the shape of the potential was like a depressed action potential. Oscillation that occurred on releasing the voltage clamp was simulated by the present model (Fig.9A) . The steeper repolarization after the first hump(in Fig.9A )than those in the experimental record (NoMA and IRISAWA,1975b) the voltage relation of kinetic variable d (Fig.9B) . The model failed to simulate the response of the S-A node to D 600.The model hyperpolarized by approximately 20mV in the absence of is.In the experiment we never observed such a large hyperpolarization on application of D 600,but most preparations depolarized by several mV.Even if we assume a concomitant slight decrease of iK (KASS and TSIEN,1975 )the model showed a significantly large hyperpolarization.Several mechanisms underlying the electrical activity of the cell were ignored in the present model;the electrogenic Na pump (NoMA and IRISAwA,1975a) ,control of the potassium conductance by intracellular Ca (ISENBERG,1977) and the Na-Ca exchange mechanism (HoRACKOVA and VASSORT,1979) .These factors might have caused the above discrepancy. However,at present we cannot definitely attribute this discrepancy to any of these mechanisms.
The slower component of the outward current than iK is a rather regular We thank Dr.I.Seyama for his critical comments through this study.
